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http://dx.doi.org/10.1016/j.cmet.2015.09.015MCU is the pore-forming subunit of the
mitochondrial inner membrane Ca2+ uni-
porter ion channel that mediates Ca2+
uptake into the matrix to regulate
metabolism, cell death, and cytoplasmic
Ca2+ signaling. We previously identified
MCUR1 (Mitochondrial Calcium Uniporter
Regulator 1) as an important regulator of
MCU activity and showed that MCUR1
biochemically interacted with MCU (Malli-
lankaraman et al., 2012). MCUR1 regu-
lated MCU-dependent mitochondrial
Ca2+uptakedrivenby the innermembrane
voltage (cm) generated by the electron
transport chain, and MCUR1 knock-
down abrogated Ca2+ uptake by mito-
chondria in intact and permeabilized cells,
and disrupted oxidative phosphoryla-
tion (OXPHOS). Paupe et al. recently chal-
lenged our conclusion that MCUR1
directly regulates MCU (Paupe et al.,
2015). While both teams agreed regarding
the effects of MCUR1 knockdown on cell
metabolism and mitochondrial Ca2+ up-
take, Paupe et al. (2015) proposed that
CCDC90A is a cytochrome c oxidase
(COX) assembly factor and that the Ca2+
transport observations inMallilankaraman
et al. (2012) were secondary effects due to
a reduced cm as a consequence of defec-
tive COX assembly.
To determine whether a reduction of cm
could fully account for the effects of
MCUR1 on MCU-mediated Ca2+ uptake,
we have directly measured MCU activity
by recording MCU-mediated Ca2+ cur-
rents by patch clamp electrophysiology
of mitoplasts (Fieni et al., 2012; Kirichok
et al., 2004) isolated from wild-type
HEK293 cells and HEK cells with MCUR1
knocked down (Figure 1). Here, the mem-
brane potential is precisely controlled by
the voltage-clamp apparatus. Ruthenium
red-sensitive, inwardly rectifying, Ca2+concentration-dependent Ca2+ currents
were recorded in control cells with am-
plitudes and characteristics similar to
those previously described for the mito-
chondrial Ca2+ uniporter (Fieni et al.,
2012; Kirichok et al., 2004) (Figure 1A).
Stable knockdown of MCUR1 (by 75%,
Figures 1E and 1F) diminished mitochon-
drial Ca2+ uniporter Ca2+ currents by
65% (Figures 1B and 1D), which were
rescued by expression of an shRNAi-
insensitive MCUR1 (Figures 1C and 1D).
Notably, there was a correlation between
the level of MCUR1 expression and the
magnitude of MCU-mediated Ca2+ cur-
rents (Figures 1D–1G). Knockdown of
MCUR1 inHeLacells causeda small upre-
gulation of MCU expression (Mallilankara-
man et al., 2012) that was also observed
here in HEK cells (Figures 1E and 1F).
However, western blot analyses indicated
that MCUR1 knockdown or rescue was
without effect on the expression of other
components (MICU1, MICU2, EMRE) of
the uniporter channel complex (Figures
1E–1G) or of other mitochondrial mem-
brane proteins (Figures 1E and 1F) in
HEK293 cells. Thus, our newdata suggest
that a reduction of membrane potential
cannot be the sole mechanism by which
MCUR1 knockdown reduces mitochon-
drial Ca2+ uptake, as proposed by Paupe
et al. (2015), and they confirmour previous
conclusion that MCUR1 is a direct regu-
lator of MCU Ca2+ channel activity.
Paupe et al. (2015) demonstrated that
reduced expression of MCUR1 impaired
COX assembly that resulted in impaired
OXPHOX that reduced cm and the driving
force for Ca2+ uptake, and suggested
that MCUR1 does not directly regulate
MCU. The effects of MCUR1 that we
observe are unlikely to depend on an
intact respiratory chain since the singleCell Metabolism 2mitoplasts used for patch-clamp electro-
physiology have likely lost water-soluble
cytochrome c. Furthermore, we did not
observe an effect of MCUR1 knockdown
or overexpression on cm here (Figure 1H)
or previously (Mallilankaraman et al.,
2012). Notably, we observed increased
COXII expression in our MCUR1 knock-
down cells that was rescued by re-expres-
sion of MCUR1 (Figures 1E–1G; n = 4).
While this could be the result of cell-type
differences in our and the studies of Paupe
et al. (2015), it supports our conclusion that
changes in COXII expression do not ac-
count for the effects of MCUR1 on MCU
activity. We note that in our previous study
(Mallilankaraman et al., 2012) and in Paupe
et al. (2015), most MCUR1 resided in a
membrane fraction where it could not
participate in COX chaperone activity.
Finally, as the yeast homolog lacks the first
half of MCUR1, including one of two trans-
membrane domains present in MCUR1,
and it has only 25% sequence identity in
the remaining sequence, it is unclear if
MCUR1 has the same functions in yeast
and mammalian cells.
Our results here and previously (Malli-
lankaraman et al., 2012) suggest that
MCUR1 functions as a direct regulator
of the mitochondrial Ca2+ uniporter.
Whereas MCUR1 was not identified in a
proteomics analysis of MCU immunopre-
cipitation-associated proteins (Sancak
et al., 2013), we (Mallilankaraman et al.,
2012) and others (Lee et al., 2015) have re-
ported that MCUR1 can be immunopre-
cipitated with MCU. Future studies are
required to reconcile these discrepancies
as well as to fully establish the mecha-
nisms by which MCU activity is regulated
byMCUR1 and by other uniporter-associ-
ated proteins, including EMRE, MICU1,
and MICU2 (Foskett and Philipson, 2015).2, October 6, 2015 ª2015 Elsevier Inc. 533
Figure 1. MCUR1 Regulates MCU Ca2+ Channel Activity
(A) Family of Ca2+ currents measured in different bath [Ca2+] over a range of voltages (1 s ramp) obtained from isolated wild-type HEK cell mitoplasts in whole-
mitoplast patch clamp configuration, normalized to membrane capacitance, in the absence and presence of ruthenium red (RuR).
(B) Similar to (A) measured in mitoplasts isolated from cells with MCUR1 protein knocked down by 75%.
(C) Similar to (A) in cells with MCUR1 overexpressed in MCUR1-knockdown cells.
(D) Scatter plot summary of uniporter Ca2+ current densitiesmeasured at160mV in 1mMbath Ca2+ in wild-type andMCUR1-knockdown andMCUR1-rescued
cell mitoplasts. Each symbol is the current density measured from an individual mitoplast. Bars represent SEM.
(E) Western blot analysis of expression levels of uniporter channel components and mitochondrial proteins OXA1L, TIM23, and cytochrome oxidase subunit II
(COXII).
(F) Summary of b-actin normalized protein levels in MCUR1-knockdown cells, normalized to levels in wild-type cells (n = 3–7 western blots; mean ± SE; ***p <
0.001; **p < 0.01; *p < 0.05).
(G) As in (F), but for MCUR1-knockdown cells in which a MCUR1 FLAG-tagged rescue construct was overexpressed.
(H) Ratiometric JC-1 fluorescence of mitochondrial inner membrane potential in control and MCUR1-knockdown cells, before and after voltage dissipation by
CCCP (n = 4).
Error bars represent means ± SE in all panels.
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